123 I-Iomazenil brain SPECT has been used for the detection of epileptogenic foci, especially when surgical intervention is considered. Although epileptogenic foci exhibit a decrease in 123 Iiomazenil accumulation, normal cerebral cortices often exhibit similar findings because of thin cortical ribbons, gray matter atrophy, or pathologic brain structures. In the present study, we created 123 I-iomazenil SPECT images corrected for gray matter volume using MRI and tested whether the detectability of the epileptogenic foci improved. Methods: Seven patients (1 male patient and 6 female patients; mean age 6 SD, 34 6 17 y) with intractable epilepsy were surgically treated by resecting the cerebral cortex after surface electroencephalography. Histopathologic examination of the resected specimens and a good outcome after surgery indicated that the resected lesions were epileptogenic foci. These patients underwent 123 I-iomazenil SPECT and 3-dimensional T1-weighted MRI examinations before their operations. Each SPECT image was coregistered to the corresponding MR image, and its partial-volume effect (PVE) was corrected on a voxel-by-voxel basis with a smoothed gray matter distribution image. Four nuclear medicine physicians visually evaluated the 123 I-iomazenil SPECT images with and without the PVE correction. The SPECT count ratio of the suspected focus to the contralateral cerebral cortex was evaluated as an asymmetry index (%) based on the volume of interest. Results: The sensitivity, specificity, and accuracy of focus detection by visual assessment were higher after PVE correction (88%, 99%, and 98%, respectively) than before correction (50%, 92%, and 87%, respectively). The mean asymmetry index for the surgically resected lesions was significantly higher on the PVE-corrected SPECT images (22%) than on the PVEuncorrected ones (16%) (P 5 0.006). Conclusion: MRI-based PVE correction for 123 I-iomazenil brain SPECT improves the sensitivity and specificity of the detection of cortical epileptogenic foci in patients with intractable epilepsy.
123 I-Iomazenil brain SPECT has been used for the detection of epileptogenic foci, especially when surgical intervention is considered. Although epileptogenic foci exhibit a decrease in 123 Iiomazenil accumulation, normal cerebral cortices often exhibit similar findings because of thin cortical ribbons, gray matter atrophy, or pathologic brain structures. In the present study, we created 123 I-iomazenil SPECT images corrected for gray matter volume using MRI and tested whether the detectability of the epileptogenic foci improved. Methods: Seven patients (1 male patient and 6 female patients; mean age 6 SD, 34 6 17 y) with intractable epilepsy were surgically treated by resecting the cerebral cortex after surface electroencephalography. Histopathologic examination of the resected specimens and a good outcome after surgery indicated that the resected lesions were epileptogenic foci. These patients underwent 123 I-iomazenil SPECT and 3-dimensional T1-weighted MRI examinations before their operations. Each SPECT image was coregistered to the corresponding MR image, and its partial-volume effect (PVE) was corrected on a voxel-by-voxel basis with a smoothed gray matter distribution image. Four nuclear medicine physicians visually evaluated the 123 I-iomazenil SPECT images with and without the PVE correction. The SPECT count ratio of the suspected focus to the contralateral cerebral cortex was evaluated as an asymmetry index (%) based on the volume of interest. Results: The sensitivity, specificity, and accuracy of focus detection by visual assessment were higher after PVE correction (88%, 99%, and 98%, respectively) than before correction (50%, 92%, and 87%, respectively). The mean asymmetry index for the surgically resected lesions was significantly higher on the PVE-corrected SPECT images (22%) than on the PVEuncorrected ones (16%) (P 5 0.006). Conclusion: MRI-based PVE correction for 123 I-iomazenil brain SPECT improves the sensitivity and specificity of the detection of cortical epileptogenic foci in patients with intractable epilepsy. Iomazeni l labeled with 123 I is a tracer that is specifically bound to central benzodiazepine receptors (1) . Because epileptogenic foci exhibit a reduction in central benzodiazepine receptors (2,3), 123 I-iomazenil brain SPECT has been used to detect epileptic foci, especially when surgical intervention is considered (3). However, normal cerebral cortices often exhibit similar findings on 123 I-iomazenil SPECT because of thin cortical ribbons, gray matter atrophy, or pathologic brain structures. This limitation is caused by the partial-volume effect (PVE), which arises from the limited spatial resolution of the scanner. In small structures, the observed radioactivity concentration differs from the true concentration because of blurring of the counts out of the structure (''spill-out'') and blurring of the counts into the structure from the surrounding radioactivity (''spill-in'') (4).
In a previous study (5) examining patients with intractable mesial temporal lobe epilepsy arising from hippocampal sclerosis, the sensitivity of detecting pathologic hippocampi using 11 C-flumazenil PET was improved by PVE correction using MRI-based measurements of hippocampal volume. In the present study, we created 123 I-iomazenil SPECT images corrected for the whole-brain gray matter volume based on MRI measurements in patients with intractable partial epilepsy and tested whether the detectability of cortical epileptogenic foci improved.
MATERIALS AND METHODS

Patients
Seven patients with intractable epilepsy (1 male patient and 6 female patients; mean age 6 SD, 34 6 17 y) who met the following criteria were studied: no morphologic brain lesions other than small cystic lesions or suspected unilateral hippocampal atrophy (hippocampal sclerosis) visible on routine conventional MR images, surgical removal and histopathologic examination of suspected epileptogenic foci, improvement of patients' symptoms after surgery, and performance of 123 I-iomazenil brain SPECT and 3-dimensional (3D) T1-weighted MRI studies before operation.
The patients' clinical information is summarized in Table 1 . All patients had complex partial seizures with or without generalization and were being treated with anticonvulsants. The Wada test, verbal magnetoencephalogram, or Edinburgh test was performed to determine the lateralization of verbal function or memory. All patients underwent surface electroencephalography or magnetoencephalography to identify the location and extent of the epileptogenic foci. All specimens resected during the operations were histopathologically investigated ( Table 2 ). The histologic findings in 5 of 7 patients were nonspecific gliosis or neurodegeneration, and 1 patient (patient 3) was suspected of having astrocytoma. The outcome after surgery was evaluated on the basis of Engel's classification. The average follow-up period after surgery was 14 mo (range, 9-18 mo). Five patients were classified as Engel's classification I, and the remaining patients as Engel's classification III.
SPECT
In each subject, 167 MBq of 123 I-iomazenil were intravenously administered. Three hours after the injection, SPECT images were acquired while the subject rested supine on the scanning bed with eyes closed in a quiet room. SPECT was performed using a 4-head g-camera (6) (Gamma View SPECT 2000H; Hitachi Medical Corp.) with a low-energy middle-resolution thin-section parallel-hole collimator. After the patient's head had been fixed on the headrest, the orbitomeatal line was detected using a laser-assisted device equipped with the g-camera. The acquisition protocol was 20 s per step, with 64 collections over 360°, and the data were recorded in a 64 · 64 matrix. The raw SPECT data were transferred to a nuclear medicine computer (HARP 3; Hitachi Medical Corp.). The projection data were prefiltered using a Butterworth filter (cutoff frequency, 0.20 cycles per pixel; order, 10) and reconstructed into transaxial sections of 4.0-mm thickness in planes parallel to the orbitomeatal line. Attenuation correction was performed using Chang's method (7) with an optimized effective attenuation coefficient of 0.08 cm 21 .
PVE Correction
PVE was corrected using 3D T1-weighted MRI and a personal computer (Dell Dimension 8300; Dell Inc.) running Windows XP (Microsoft Corp.), as described in Figure 1 . Thin-slice sagittal 3D T1-weighted MR images were produced using 3 types of MRI scanners: a Signa Excite 3.0 T, a Signa Excite HD 1.5 T (GE Yokogawa Medical Systems Ltd.), and a Magnetom Vision Plus 1.5 T (Siemens AG). In each case, a spoiled gradient echo sequence was used (echo time/repetition time: 1.928/8.632 ms, 1.820/8.552 ms, and 4.700/9.000 ms for the respective scanners; flip angle: 18, 18, and 12, respectively; acquisition matrix: all 256 · 256; slice thickness: all 1.4 mm). The acquired sagittal images were reformatted to axial images with a thickness of 1.4 mm.
The T1-weighted MR images were first segmented into gray matter, white matter, cerebrospinal fluid, or other compartments (skull and extracranial structures) using SPM5 (Wellcome Department of Imaging Neuroscience). This procedure yielded a Bayesian probability map for each tissue class based on a priori MRI information with an inhomogeneity correction for the magnetic field (8) . Voxels were assigned into 3 tissue classes (gray matter, white matter, and cerebrospinal fluid) according to the maximum probability encountered for each voxel across the 3 datasets. These 3 tissue classes were subsequently put into binary form (given a value of 0 for absence of tissue or 1 for presence of tissue) (9) .
The point-spreading function of the reconstructed SPECT images acquired with the low-energy middle-resolution thin-section parallel-hole collimator was assessed using a 123 I 1-mm-diameter line source in air, according to a previously described methodology (6) . The binary maps for the gray matter were convoluted with a 3D gaussian function with a full width at half maximum of 12 · 12 · 12 mm, which was assumed to be the same as the point-spreading function of the reconstructed SPECT image, as described in previous studies (10, 11) . The resulting image was subsequently referred to as the smoothed gray matter map.
The 123 I-iomazenil SPECT images were coregistered to the smoothed gray matter maps using FMRIB's Linear Image Registration Tool (FLIRT) (12) . In this procedure, the 123 I-iomazenil SPECT images were simultaneously reformatted to a matrix of the same size (256 · 256 · 256) as the referenced smoothed gray matter maps.
A binary volume image was created from the smoothed gray matter map as a mask image for the gray matter. The threshold for determining the boundary of the binary volume image was set at 35% (an empirically determined value) of the maximum, which was the same as the threshold value used in a previous study (10) . This mask image for the gray matter was then applied to the coregistered 123 I-iomazenil SPECT image. The masked 123 I-iomazenil SPECT image was then divided using the smoothed gray matter map on a pixel-by-pixel basis (Fig. 1) .
Visual Assessment
Four experienced nuclear medicine physicians visually assessed the coronal images. The physicians were unaware of the patients' clinical information to avoid biases caused by differences in the amount of information available for each of the patients. The physicians visually evaluated the coronal 123 I-iomazenil SPECT images with and without PVE correction, presented in a random order, and noted the areas of epileptogenic foci, where the tracer uptake was reduced when compared with the corresponding contralateral regions. Decisions on the foci were made by joint agreement during a conference of the 4 physicians.
Patients without epileptogenic foci were excluded from the present study. Therefore, the sensitivity and specificity of focus detection were determined on a region-by-region basis. We divided the whole cerebrum into 18 bilateral blocks, as shown in Figure 2 . We then assigned a binary value of positive or negative to each block, based on the visual assessment (i.e., positive for a focus, negative for no focus). We assumed that the resected lesions corresponded to the true epileptogenic foci and that unresected regions corresponded to the intact brain, because follow-up of surgical outcomes of the patients was good. Then, a true-positive result was defined as a positive result of visual assessment in a resected brain region, a true-negative result was defined as a negative result of visual assessment in an unresected brain region, a false-positive result was defined as a positive result of visual assessment in an unresected brain region, and a false-negative result was defined as a negative result of visual assessment in a resected brain region. The sensitivity, specificity, and accuracy of uncorrected or PVE-corrected SPECT images were calculated as follows: sensitivity 5 number of true-positive blocks=number of resected blocks; specificity 5 number of true-negative blocks=number of unresected blocks; accuracy 5 ðnumber of true-positive blocks 1 number of true-negative blocksÞ=number of total blocks:
Quantitative Assessment First, the volume of interest (VOI) was established so as to include each resected lesion in reference to an MR image obtained after the operation (Fig. 3) . If the VOI included a medial temporal lesion, it was divided into a medial temporal and a lateral part. Second, another VOI was made so as to contain each visually detected false-positive area on the uncorrected or PVE-corrected SPECT images that were coregistered with the MR images. For each of these VOIs, the corresponding contralateral VOI was also made in reference to the SPECT and MR images. The VOI counts of the uncorrected or the PVE-corrected SPECT images coregistered with the MR images were measured to evaluate quantitatively the sensitivity or specificity of the images of the epileptogenic foci. The asymmetry index (AI) for the 123 I-iomazenil SPECT count of the ipsilateral VOI A, C A , and that of the contralateral VOI B, C B , was calculated as follows:
Eq. 1
RESULTS
The sensitivity, specificity, and accuracy of focus detection by visual assessment were higher after PVE correction (88%, 99%, and 98%, respectively) than before correction (50%, 92%, and 87%, respectively). The AI values for the resected lesions are summarized in Table 3 . The mean AI was significantly higher on the PVE-corrected SPECT images than on the uncorrected ones for the whole resected lesions (22%, 16%, P 5 0.006), lateral parts of the resected lesions (20%, 12%, P 5 0.006), and medial temporal parts of the resected lesions (25%, 20%, P 5 0.029). In patients 2 and 7, true foci were not detected on the uncorrected SPECT images. In Table 4 , the location, visual assessment, and AI for the falsepositive regions are listed. The mean AI for the false-positive regions was significantly larger on the uncorrected images (12%) than on the PVE-corrected ones (4.8%) (P , 0.001).
The uncorrected and PVE-corrected SPECT images of typical patients are shown in Figure 4 . A lateralized decrease in the counts was found on the PVE-corrected images in the areas corresponding to the resected lesions, although no laterality was seen on the uncorrected images (Fig. 4A) . Conversely, a lateralized decrease in the counts was seen in the intact areas on the uncorrected images, whereas no laterality was found on the PVE-corrected images (Fig. 4B) .
DISCUSSION
In the present study, we introduced a method for performing MRI-based PVE corrections on 123 I-iomazenil SPECT images. This method improved the accuracy with which epileptogenic foci can be detected in the cerebral cortices.
Inhibitory neural transmission is thought to be disturbed at epileptic foci (13) . This hypothesis is supported by in vivo flumazenil PET (14, 15) and iomazenil SPECT (2,3) studies. Previous studies have indicated a disproportion between the gray matter volume and the benzodiazepine receptor density in some epileptogenic foci (3, 16, 17) . In patients with hippocampal sclerosis, changes in benzodiazepine receptor FIGURE 2. Whole cerebrum was divided into 18 bilateral blocks. A binary value of positive or negative was assigned to each block on the basis of visual assessment (i.e., positive for focus, negative for no focus). In this study, we assumed that resected lesions corresponded to true epileptogenic foci and unresected regions corresponded to intact brain because of good follow-up outcomes of patients after operations. Then, result of evaluation of each block was defined as follows. truepositive: positive result of visual assessment in resected brain region; true-negative: negative result of visual assessment in unresected brain region; false-positive: positive result of visual assessment in unresected brain region; false-negative: negative result of visual assessment in resected brain region.
binding were detected in the hippocampus and the extrahippocampal neocortices, which appeared normal on MRI (18) . Thus, identifying the location of epileptogenic foci and evaluating the extent of the area to be resected may be impossible using MRI alone. In the present study, a considerable number of true-positive lesions in the cerebral cortices appeared normal during the MRI study.
The nonspecific binding of iomazenil has been shown to account for a small proportion of all bound molecules (1%-3%) (19) . According to an ex vivo study of nonhuman primates, iomazenil showed a predominantly high accumulation in the gray matter, with ratios of greater than 30:1 for gray matter to white matter (20) . Thus, the distribution of iomazenil accumulation in the cerebrum is markedly influenced by the local volume of gray matter when a SPECT scanner with a limited spatial resolution is used. Nonpathologic laterality or an asymmetric distribution of gray matter volume on a certain slice may increase the risk of a false-positive result in side-by-side comparisons of iomazenil images.
The accurate determination of actual radiotracer concentrations in human gray matter in vivo is possible using MRIbased PVE corrections (21, 22) . In ethylcysteinate dimer SPECT, PVE correction made the regional cerebral blood flow distribution more homogeneous throughout the brain, with less intersubject variation than in the original distribution. Using this method for brain perfusion SPECT determines regional cerebral blood flow more accurately, even in healthy volunteers (10) . As for 15 O-H 2 O PET, PVE correction made it possible to estimate the regional cerebral blood flow accurately despite cortical atrophy both in Alzheimer's disease (23) and in normal aging (24) . In 18 F-FCWAY ( 18 F-trans-4-fluoro-N-2-[4-(2-methoxyphenyl)piperazin-1-yl]ethyl-N-(2-pyridyl)cyclohexanecarboxamide) PET for the detection of foci in TLE patients, MRI-based PVE correction effectively eliminated artifacts related to PVE that were influenced by the local geometry of the gray matter and was useful for the extraction of pathologic serotonin 1A binding reduction (25) .
The MRI-based PVE correction method used in the present study is similar to that used in previous studies (5, 10, 23, 26) . In this study, PVE was corrected for gray matter and other components (2-compartment method), although the PVE correction was performed for gray matter, white matter, and other brain structures (3-compartment method) in most of the previous studies. According to a previous validation study (21) , the 2-compartment method is less sensitive to errors resulting from resolution mismatch between MRI and SPECT, misregistration, and missegmentation. Meanwhile, the 3-compartment method is capable of greater accuracy for absolute quantitative measures. The accumulation of 123 I-iomazenil in white matter is known to be markedly small; consequently, the spill-in of counts from the surrounding white matter to the gray matter voxels is negligible. For this application, the 2-compartment method is more suitable because the decrease in accuracy is small and the tolerance to errors in image processing is greater with the 2-compartment method than with the 3-compartment one. In this study, an increase in the AI of the resected lesions was shown after PVE correction in both the lateral part and medial temporal part of the resected lesions. This finding implies an increase in the volume of the gray matter or decrease in the volume of the adjacent white matter in the lesion areas, compared with that in the corresponding contralateral normal areas. In the previous study (27) , an increase in the regional gray matter concentration in malformations of cortical development in patients with focal cortical dysplasia was detected by voxel-based morphometry. In addition, the local increase of the gray matter volume has been reported to coincide with that of the white matter volume, as detected by voxel-based morphometry, around pathologic sclerotic medial temporal lesions in cases of temporal lobe epilepsy (28) . This phenomenon may, however, be controversial, and further detailed investigation is needed of the changes in the AI in pathologic medial temporal lesions associated with PVE correction.
The present study had some limitations. First, the number of patients was too small to ensure statistical reliability. Second, some of the patients were taking anticonvulsants (e.g., clobazam) at the time of their 123 I-iomazenil SPECT examination, even though such drugs may influence iomazenil binding to a certain extent. Previous reports, however, have suggested that the extent of this influence is small (3, 29) . Thus, as far as intrasubject comparisons using the AI are concerned, the influence of anticonvulsants was thought to be negligible. Additionally, the temporary withdrawal of anticonvulsants solely for the purpose of SPECT can be harmful or impractical. From this viewpoint, our findings suggest that PVE corrections for 123 I-iomazenil SPECT remain effective even when the patient is taking anticonvulsants. Third, the brain structure images were obtained using 3 different types of MRI scanners. However, this protocol was not problematic in the present study because interscanner comparisons were not included in the analysis. Fourth, white matter activity was masked and eliminated during the process of PVE correction, although some cases of refractory focal epilepsy with heterotopia caused by neuronal migration disturbances have been reported to show a high flumazenil uptake in periventricular white matter (30) . Because the evaluation of abnormal 123 Iiomazenil activity in white matter is quite difficult because of the higher activity spill-out from the adjacent gray matter, further study to solve this problem is needed. Fifth, the resolution of the present scanner was around 11 mm, although the current state-of-the-art SPECT scanner has a resolution of around 4-5 mm at full width at half maximum. We consider that the PVE correction in these scanners is effective to detect small cortical foci of epilepsy. Finally, we assumed that the unresected brain tissues were normal. Because this assumption cannot be proved, the accuracy of the true-negative and false-positive categorizations is limited.
CONCLUSION
PVE correction for 123 I-iomazenil brain SPECT images using the MRI-based gray matter volume improved the sensitivity and specificity at which cortical epileptogenic foci could be detected in patients with intractable epilepsy.
ACKNOWLEDGMENTS
We thank the staffs of the Department of Pathology, Osaka University Graduate School of Medicine, for their help with the histology; Dr. Yasuyuki Kimura, Dr. Katsufumi Kajimoto, and Dr. Makiko Tanaka for their contribution to the SPECT data acquisition; and Yukio Nakamura and the staff of the Department of Nuclear Medicine and the cyclotron staff of Osaka University Hospital for their technical support in performing this study. This study was supported in part by a grant for molecular imaging project from the Japan Science Technology Agency.
